Understanding the relationship between the structural and functional organization of the human brain is one of the most important goals of neuroscience. Individual variability in brain structure means that it is essential to obtain this information from the same subject. To date, this has been almost impossible. Even though noninvasive functional imaging techniques such as functional MRI (fMRI) are now commonplace, there is no complementary noninvasive structural technique. We present an in vivo method of examining the detailed neuroanatomy of any individual, which can then be correlated with that individual's own functional results. This method utilizes high-resolution structural MRI to identify distinct cortical regions based on cortical lamination structure. We demonstrate that the observed MR lamination patterns relate to myeloarchitecture through a correlation of histology with MRI. In vivo high-resolution MRI studies identify striate cortex, as well as visual area V5, in four individuals, as defined by using fMRI. The anatomical identification of a cortical area (V5͞MT) outside of striate cortex is a significant advance, proving it possible to identify extra-striate cortical areas and demonstrating that in vivo structural mapping of the human cerebral cortex is possible. P ositron emission tomography and functional MRI (fMRI) have revealed specific activations in perceptual, cognitive, and motor tasks. Interpretation depends crucially on knowledge of brain anatomy. The key issue, and the focus of this article, is how to define functionally activated regions anatomically.
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Knowledge of human brain structure comes from cyto-, myelo-, and chemoarchitectural analysis of postmortem material. If all functional imaging subjects were so studied, we could exactly relate functional results with individual cerebral anatomy. Because this level of study is not practical, the systematic correlation of structure and function, crucially important in neuroscience, has been impossible in normal living humans.
Researchers have related human findings with functional and anatomical detail of presumed comparable areas in the monkey brain (1) . Despite excellent homology between human and monkey brain for some regions, there is much uncertainty over others, e.g., whether human and monkey inferior parietal lobules correspond.
Correlating human functional and structural neuroanatomy through detailed MR images was pioneered 10 years ago in relating findings to obvious features such as size, shape, and landmarks (2, 3) . Traditionally, atlases and standardized coordinates are used for gross localization and to compare individuals, but such approaches are problematic. The commonly used atlas, by Talairach and Tournoux (4), gives coordinates based on the gross morphology of a poorly representative single brain that has never undergone cytoor myeloarchitectonic analysis. Cortical areas are crudely estimated by simply projecting Brodmann's cytoarchitectonic map (5) . However, brain topography varies among individuals. The motionsensitive area, human V5, has a range of 27 mm in location (2), whereas the size, shape, and topographical relations of Brodmann's areas 17 and 18 vary highly between individuals (6, 7). One solution has been probabilistic atlases of easily identified or histologically distinct regions, but these only assist in the interpretation of functional results (7, 8) .
Accurate localization of individual results can only come from their unique neuroanatomy. Our primary goal is the in vivo definition of anatomically distinct regions to correlate with individual functional results. Armed with detailed information, we may then address important questions: what is the underlying structural organization of human functional areas? Is this organization preserved across individuals? Can we predict functions of structurally defined regions about which we have no functional information? Flechsig (9) related cerebral myelination patterns, presumed function early in life, and features of cortical folding. His most heavily myelinated fields (1-20, primary areas functioning early in life) closely relate to overlying sulci formed earlier in embryonic life. Early myelination seems to correlate with early function and may direct early, more constant sulcal patterns. In 1993, Watson et al. (2) described a strong structure-function relationship for human V5, which correlates precisely with Flechsig's Field 16 and the little human histology available (10, 11) . Other Flechsig areas in the 1-20 group have structural surface folding correlates, many with important functions, e.g., striate and primary sensorimotor cortex. The functions of other areas, e.g., a dorsal field near the occipito-parietal junction, are unclear.
The work on in vivo recognition of cortical features is limited to the striate cortex (12, 13) .** MRI acquisition sequences are commonly used to differentiate gray and white matter; however, the work of Clark et al. (13) was significant in showing that lamination patterns within the gray matter observed on MR images of striate cortex directly correlated with its distinctive myelination pattern. Additional work is now required to extend these observations into other cortical areas and to validate the observations by using objective observer-independent techniques.
We have developed an in vivo method to identify distinct cortical regions based on lamination structure by using highresolution MRI. We demonstrate our method with the in vivo identification of visual area V5 in four individuals as defined in fMRI and confirm earlier demonstrations of V1.
Abbreviations: fMRI, functional MRI; GS-SC, grayscale normalized surface coil; FOV, field of view; EPI, echoplanar imaging; TE, echo time; TR, repetition time; NEX, number of excitations.
Methods
We carried out two concurrent investigations, a correlation study of structural MRI and histology and an in vivo structurefunction correlation MRI study. The blocks were cryoprotected and serially sectioned at 50 m on a freezing microtome. Series of sections at 500 m intervals were stained with cresyl violet for cytoarchitecture and black-gold for myeloarchitecture (14) . Mounted sections were washed in 1% acetic acid (3 ϫ 15 min), heated to 60°C in 0.1 M PBS for 30 min and stained with black-gold at 60°C for Ϸ90 min until fine fibers of the molecular layer appeared. Staining was intensified in 0.2% potassium tetrachloroaureate for 10 min at 60°C; sections were rinsed in distilled water and fixed in 3% sodium thiosulphate before dehydrating in alcohols, clearing, and coverslipping.
In Vivo Structure-Function Correlation MRI Study of Visual Area V5.
Six healthy, normal subjects (5 males; mean age, 36; range, 22-46) were scanned to identify area V5 by using fMRI. Each subject's V5 was located by using fMRI results and sulcal patterns on preliminary MRI. Each subject was scanned with high-resolution structural MRI to examine detailed neuroanatomy in these regions. All subjects gave informed consent in accordance with the Declaration of Helsinki, with ethics approval from the Howard Florey Institute and the University of Sydney.
Structural MRI. Eight coronally oriented high-resolution surface coil T1-weighted images were acquired successively (15) on a 1.5 T scanner (Signa Echospeed, General Electric). Twin flexible surface coils (FOV, 10 cm) were used and placed directly over the regions identified preliminarily, with protective cushions and custom-made foam moulds. Aliasing artifact (superimposed ghost images of slices from the opposite end) was compensated for by setting a wide sagittal FOV. [Three-dimensional (3D) fast spoil gradient (FSPGR) sequence; 120 slices, slice thickness: five subjects, 0.5 mm; one subject, 0.7 mm (no gap); FOV, 16 cm 2 ; matrix, 288 ϫ 288; in-plane resolution, 0.556 ϫ 0.556 mm 2 ; TE, 3.5 ms; TR, 15.9 ms; inversion time, 350 ms; NEX, 1; FA of 25°.] A T1-weighted image was similarly acquired by using a volume coil, except with twice the slice thickness, and used for grayscale normalization. Raw images were transferred via a DICOM client program (Digital Jacket, Hewlett-Packard), composed into contiguous volumes, and saved in Analyze format (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN).
Images were manually segmented to remove nonbrain tissue by using MEDX V.3.4.1 (Sensor Systems, Sterling, VA) (Fig. 1i) . Surface coil signal attenuation was corrected by gray scale normalization (16) . Optimal normalization was achieved with a priori maps of gray, white matter, and cerebrospinal fluid (CSF) generated from the volume coil T1-weighted image, after first applying a nonlinear noise reduction algorithm (17) . Normalization maps were estimated for each surface coil image ( Fig. 1ii ) and used to generate a series of grayscale-normalized surface coil (GS-SC) T1-weighted images (Fig. 1iii) .
The eight GS-SC T1-weighted images were realigned by using a linear registration tool (18) , resampled at half the acquired voxel dimensions, and averaged by using a softmean function to create a single, high-resolution average GC-SC T1-weighted image (in-plane resolution, 0.28 ϫ 0.28 mm; slice thickness, 0.25͞0.35 mm; Fig. 1iv) .
A segmented white matter probability map was generated (16) and manually edited as necessary (Fig. 1v) . A mask of the white matter image was used to generate a gray matter image (Fig. 1vi Left), which was manually edited to remove cerebellum, CSF in deep sulci, and medial cortex unsuitable for cortical lamination analysis (Fig. 1vi Right) .
A two-dimensional (2D) method of performing simple cortical lamination analysis was developed based on the analysis of intensity line profiles through gray matter. A distance transform was used to calculate a set of nonintersecting line segments through the cortical sheet, taking only the shortest segments where lines shared a common end point. A polynomial function was fitted to each segment intensity profile, and the zero points of the first derivative, corresponding to stationary points in the intensity profile, were determined. The number and position of stationary points were used to identify and compare discrete cortical regions possessing similar patterns of lamination (for example, see Fig. 4iv ).
fMRI. The six subjects underwent fMRI while observing a moving checkerboard, and V5 was identified (2) . Subjects saw a black and white checkerboard subtending 13°horizontally and vertically, moving randomly in the four cardinal directions and diagonally at a speed of 9°͞s. A Macintosh PowerBook G3 laptop using PSYSCOPE V.1.2.2 (19) generated stimuli, projected on a 1.2 ϫ 1.0-m ground-glass screen 2.2 m from the subjects' eyes. Subjects lay supine and observed the stimuli in a mirror. The motion condition was presented in 6-s blocks randomly interleaved with 6-s blocks of the stationary condition. Subjects maintained central fixation throughout each 96-s session; eight sessions were acquired.
A whole-brain sagittal T1 anatomical scan (3D FSPGR: TR, 11.8 ms; TE, 2.4 ms; FA, 25°; NEX, 1; acquisition matrix, 256 ϫ 256; FOV, 23 cm 2 ; 124 slices of thickness 1.2 mm) and wholebrain axial T2 anatomical scan (2D fast spin echo sequence: TR, 
Each subject's functional images were spatially normalized to the whole brain T1-weighted image. A mean EPI volume was calculated for the first session, and the other session mean EPI volumes were aligned by using a linear registration tool (18) . The aligned mean EPI volumes were averaged to create a mean volume for the whole study. Each subject's whole brain T2-weighted anatomical image was aligned to the whole brain T1-weighted image, and then the mean study EPI volume was aligned to this. Transformation matrices were concatenated and applied to each individual EPI volume, with the resulting EPI volumes having voxel dimensions of 1.2 ϫ 0.9 ϫ 0.9 mm 3 . A categorical comparison of the motion condition with the stationary condition was determined with SPM99 (20, 21) using a box-car response convolved with the hemodynamic response but no temporal derivative. The statistical t-maps were transformed to standardized Z-scores, thresholded at an uncorrected probability of P Ͻ 0.00001 (individual subject analyses), and visualized on each subject's anatomical T1 image. V5 was located to compare with the structural MR results.
To compare the functional and structural results, each subject's whole brain T1-weighted image was aligned to a lowresolution copy of the average GS-SC T1-weighted image. This transformation was concatenated with the previous transformations, reapplied to each EPI volume to produce volumes in registration with their average GS-SC T1-weighted image with voxel dimensions of 1.1 ϫ 1.2 ϫ 1.0͞1.4 mm 3 . The EPI data were reanalyzed with SPM99 and visualized on the subject's average GS-SC T1-weighted image.
Results
Postmortem. The postmortem striate brain section (Fig. 2) shows, as expected, distinctive myelarchitecture consisting of dark horizontally oriented bands within layers IV (stria of Gennari) and V (internal band of Baillarger) (Fig. 2 ii and iii; see Table  1 for summary of cyto-and myeloarchitecture). Note that the inset region (Fig. 2 ii and iii) from the top of a gyrus differs in structure from the remainder of the visible striate cortex in layer thickness, with a more prominent internal band of Baillarger. The MR image (Fig. 2i) and the corresponding myelin-stained section ( Fig. 2 ii and iii) show remarkable correspondence. Both the stria of Gennari (layer IVb) and the internal band of Baillarger (layer V) are apparent in the MRI as darker bands. There is also evidence of a faint outer dark band corresponding to the fine horizontally arranged fibers in layer I apparent in the myelin-stained section (Fig. 2 iii and v) . Equivalent intensity line profiles through each figure also indicate that the MR intensity line profile (Fig. 2v AB) is most similar to the low-magnification myelin stain intensity line profile (Fig. 2v C1-D1) , with intensity reductions corresponding to layers I, IVb and V. Further quantitative analysis is required to ascertain the exact correspondence between the MR image signal and the histological stains.
The myeloarchitecture of the postmortem putative V5 brain section is also distinctive with dark, horizontally oriented bands in layers I, IV, and V (the latter two correspond to the lines of Baillarger) and bundles of radial fibers traversing layers VI to IV (Fig. 3 ii and v; see Table 2 for summary of the cyto-and myeloarchitecture). The MR image (Fig. 3i) shows a dark band adjacent to the white matter and a second dark band approximately in the middle of the cortex, corresponding to the lines of Baillarger observable in the myelin-stained sections.
In Vivo. Two subjects were removed from the structural analysis because of motion during scans (see Supporting Text). The results for one of the remaining four subjects are shown in detail in Fig.  4 . The functionally defined V5 region (Fig. 4i, red) lies at the intersection of the ascending limb of the inferior temporal sulcus and the lateral occipital sulcus (Fig. 4i, blue; ref. 2), with other areas of activation visible corresponding to lower order visual areas, most likely V2͞V3. A high degree of spatial correspondence is evident between the extent of the functional V5 results, (Fig. 4ii ) and the delineation of the putative structural V5 region (Fig. 4 iii and iv) . In particular, intensity line profile analysis through this sulcus (Fig. 4iv) delineates the lower bank (two dots per line segment) from the immediately adjacent upper bank (one dot per line segment), with the functional results (Fig. 4ii) indicating V5 is located in the lower bank. A thicker light band is identifiable in the lower half of the cortex of the putative V5 region, and another light band is visible near the cortical surface.
In vivo structural MRI and fMRI results for the V1 and V5 regions are shown for all four subjects' right hemispheres in Fig. 5 . As in Fig. 4 , there is a high degree of spatial correspondence between the extent of the functional and putative structural V5 regions (the latter again characterized by two light bands). The V1 images, with lower signal-to-noise due to lateral positioning of the surface coils, clearly show the stria of Gennari as a thick central light band. Note the difference in number, intensity, amplitude, and position of maxima in the intensity line profiles for V1 and V5.
Discussion
The MR signal is a weighted summation of cellular properties, background features, and patterns of fiber connections in the cerebral cortex. Most of this signal is derived from myelin, as evidenced by the remarkable degree of similarity between T2-weighted images of postmortem material and corresponding myelin-stained sections (Figs. 2 and 3) . Moreover, we have demonstrated that intensity line profiles through the cortex can be used to characterize and delineate cortical areas, not only from the surrounding cortex (Fig. 4) , but also from cortical areas located distantly (e.g., see Fig. 5 V1 and V5) .
We have demonstrated human striate or primary visual cortex, reproducing earlier results of Clark et al. (13) . Barbier et al. (12) recently reproduced the work of Clark et al. at 3 T field strength (resolution 350 ϫ 350 ϫ 600 m 3 ) by using a 3D acquisition protocol and with the aid of surface coils. Our work using a 3D protocol and phased array of surface coils includes a postprocessing protocol for grayscale normalization, alignment, averaging, segmentation, and quantitative analysis of the images. Importantly, this method enables combination of images from multiple studies in different sessions by using different coil placements.** Our achieved resolution (280 ϫ 280 ϫ 250 m 3 ) has enabled identification of a cortical area outside of striate cortex, area V5͞MT.
V5͞MT was an ideal cortical area to examine because it is easy to activate, has reliable sulci landmarks, and correlates well with Flechsig's Field 16 (2, 22) . We identified functionally in vivo V5 in all of the eight hemispheres tested and, in six of these, corresponding cortex with identifiable and similar MRI line profiles through the cortical layers ( Figs. 4 and 5 ; Supporting Text). We believe this approach will be successful in localizing other cortical areas, initially guided by Flechsig's first 20 fields. In the present study, we (as have others) observed activation foci other than V5͞MT in the occipital and parietal regions. Some of these seem to correlate with structural cortical features identified in our structural study. One of these was dorsal, in the parietal cortex, where interestingly, Flechsig's Field 17 lies. Other areas had distinctive cortical line profiles in the structural MR images without corresponding functional activity, either with activation too weak to identify or because these areas were not involved in this paradigm.
Good histological information exists about V5͞MT in the nonhuman primate. There are fundamental similarities in the location, architecture, function, and topographic organization of V5͞MT across many nonhuman primate species (23) . In owl monkey, MT is a small region in the caudal middle temporal sulcus, characterized by heavy myelination consisting of distinct outer and inner bands of Baillarger (24) . In the macaque, the homologous region is found in the superior temporal sulcus and is characterized by heavy myelination concentrated in layers IV and V and often extending into layer VI (23) . In the macaque, the central visual field representation of V1 and V2 project to MT, whereas the peripheral field projects to an area medial to MT (called MTp), which is characterized by much lighter myelination (25) . Other visual areas, some with similar roles and structure, surround MT͞MTp in the macaque (25) .
In humans, V5 is located more posteriorly, in the inferior temporal sulcus, with previous myeloarchitectonic evidence (10, 11) , suggesting that V5 is also heavily myelinated, particularly in the lower layers. Our in vivo results are consistent with this previous evidence, with a thick light band identified in the lower portion of the gray matter underlying the functionally activated V5 region (Figs. 4 and 5) .
Recent evidence suggests that human V5͞MT is surrounded by other regions with similar, but more specialized, motion sensitive roles (26) which may, as the myeloarchitecture of the macaque suggests, have similar architecture. The functional stimulus used here may have activated several of these regions, or, as fMRI records changes in blood oxygenation, the functional activation may have spilled into other regions. An important issue is to what extent do activation foci correspond to architectonic fields. The structural area we have identified may actually be part, or all, of the human V5͞MT complex. Nevertheless, in all of the subjects examined, the V5 functional activation, using a consistent threshold across all subjects, closely follows the structural MR lamination patterns in both location and extent. In the majority of our subjects, there is a clear border between the putative structural V5 region and the immediately adjacent dorsal region (e.g., Fig. 4iv ), whereas the border ventrally is less well defined and often appears as a gradual transition between regions.
Localization of putative V5͞MT in our postmortem material was achieved by using sulcal landmarks. Although we are cautious in drawing conclusions because there are no functional data on this subject, the myelin stain of this region shows heavy myelination in the lower layers, as expected of V5͞MT, which correlates extremely well with lamination patterns evident in the corresponding MR image.
Although not as sensitive as histological analysis, highresolution structural MRI techniques sensitive to myelin concentration have the advantage of being noninvasive and applicable in vivo and may still allow the identification of many cortical areas. Recent extensions to the technique have provided preliminary evidence that quantitative parcellation of the cortex will be possible by using high-resolution structural MR images. Even areas of cortex with the same structural MRI characteristics but very different functions may still be distinguished, based on differences in location. If they are found in similar locations, this observation may be a clue to functional similarity.
We have shown that different areas of living human cortex can be distinguished on structural grounds by noninvasive MR techniques. Moreover, we have shown a direct correlation between the myeloarchitectonic characteristics of the human cerebral cortex, the MR image characteristics, both postmortem and in vivo, and the results of a functional activation study. The identification of a cortical area (V5͞MT) outside of striate cortex is a significant advance and opens up both the possibility of in vivo structural mapping and true structure-function correlation in the human cerebral cortex.
